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Parathyroid response to aluminum in vitro: ultrastructural changes
and PTH release. The endocrine response of porcine parathyroid gland
tissue slices in vitro to aluminum was studied by electron microscopy
and radioimmunoassay of PTH. Medium aluminum concentrations
were 20 to 500 ng/ml covering the range corresponding to concentra-
tions reported in the plasma of aluminum—intoxicated hemodialyzed
patients. Aluminum inhibited iPTH-release and caused severe cell
alterations. This inhibition was incomplete and there was an aluminum—
insensitive iPTH-release capacity. This phenomenon seemed to be due
to heterogeneous parathyroid cell population as regards aluminum
sensivity, perhaps linked to the spontaneous asynchronous cyclic
parathyroid cell changes. Sensitivity to aluminum was modulated by the
extra—cellular calcium concentration. Sensitivity to extra—cellular cal-
cium concentration variations persisted in aluminum intoxicated tis-
sues. The severity of the observed cell lesions induced by high
concentrations of aluminum suggested that the recovery of an iPTH-
release capacity when parathyroid tissue was withdrawn from a toxic
environment and switched to aluminum—free media is more likely to be
due to activation of a "less—sensitive to aluminum" cell pool than to a
true reversibility of the toxic effect.
Considerable evidence has accumulated over the past decade
on the deleterious effects of aluminum in patients being treated
for chronic renal insufficiency by hemodialysis [1, 2]. The
source of aluminum could be the dialysate fluid itself [1, 3, 4] or
the oral intake of aluminum containing drugs [5, 6]. Aluminum
was first implicated in the development of dialysis dementia
[2—4] and of microcytic anemia [7, 8]. More recently a peculiar
bone disease characterized as a vitamin D-resistant osteomala-
cia has been reported [9—11]. Several observations have sug-
gested that there may be, in addition to the local toxic effect on
bone, a direct toxic effect of aluminum on the parathyroid
gland: aluminum intoxicated patients have normal or minimally
elevated levels of iPTH [9, 12], poor histological evidence of
osteitis fibrosa [9—11] and their parathyroid gland responsive-
ness to acute hypocalcemia is depressed [13, 14]. There is
evidence of increased uptake of aluminum by the parathyroid
glands [15]. Moreover, in vitro, pharmacological doses of
aluminum inhibit the hormonal release by bovine parathyroid
gland cells [16].
The purpose of the present work was to evaluate the toxic
effects of aluminum at the parathyroid ultrastructural level and
correlate them with hormonal secretion by studying the effect of
aluminum addition to the culture medium of an in vitro prepa-
ration of porcine parathyroid tissue slices.
Methods
Preparation of tissue sample
Porcine parathyroid glands, (pPTG) obtained within 15 min-
utes of slaughter, were placed in cold tissue culture medium
(Krebs—Ringer 5) for transportation to the laboratory and were
used within two hours. After removal of fat and connective
tissues, glands were sliced into 2 mm thick sections. The pPTG
slices were pooled in each experimental set and divided into
aliquots (approximately 20 mg) which were enclosed in small
nylon bags (NY 48 HC, 48 t mesh) and placed into 50 ml
Erlenmeyer flasks (1 bag per flask) containing 5 ml of incubation
medium,
The "basal" incubation medium (BIM) was a modified
Krebs—Ringer bicarbonate buffer solution [17]. Although fetal
calf serum is usually added to this medium we chose not to do
so in order to avoid any unidentified interfering agent [18].
Calcium and magnesium were added as chloride and sulfate
salts at 1.2 and 1 mr't concentrations, respectively. Three levels
of calcium were used: basal (1.2 m total, 0.90 m ionized),
low (0.75 mivi total, 0.65 m ionized) and high (2.80 m total,
2.10 m ionized).
Aluminum was added to the BIM as the sulfate salt
(Merck—Darmstadt, West Germany). Several concentrations
were tested between 25 and 500 ng/ml of aluminum (that is,
approximately 1 to 20 tIM) in the range of plasma aluminum
concentrations reported in clinical cases [6, 91. Experiments
were also carried out in an incubation medium containing a low
calcium concentration to crosscheck the toxicity of aluminum
at different levels of PTFI secretion.
Actual medium substance concentrations were systemati-
cally measured in each batch solution. The results have been
published elsewhere [18].
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Incubation
Packed tissue slices were incubated at 37°C in flasks gassed
with a 95% oxygen—5% carbon dioxyde mixture, placed in a
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Dubnoff shaking incubator (agitation rate 60 cycles/mm). The
experimental sequence was as follows. The pPTG tissue was
first incubated for two hours in BIM before being placed for
three hours in the appropriate test medium: basal, high or low
calcium concentrations for controls, aluminum added media at
various concentrations of aluminum. All tests were run in
duplicate. During these five hours the incubation medium was
renewed hourly. The five media were collected for radioim-
munological analysis. At the end of each experiment, repre-
sentative samples from the incubates were saved for electron
microscopic studies. A sample of fresh tissue from the initial
pool was also saved as a control. To check the reversibility of
the aluminum effects on the tissue, in some experiments, tissue
samples were switched for an extra hour to media without any
added aluminum, with low or basal calcium concentrations. For
practical reasons all data have been refered to the effective
chronological time. Thus, fifth hour data (which constitutes the
main part of the reported data) correspond to three hours of
exposure to the experimental medium (low or high calcium and
aluminum supplemented).
Analytical procedures
Total calcium was measured by atomic absorption spec-
trophotometry (IL-253, Instrument Laboratory, Lexington,
Massachusetts, USA); ionized calcium (SS-20, Orion Biomed-
ical Research, Cambridge, Massachusetts, USA) and pH and
pCO2 (IL-613) by ion selective electrometry; sodium and po-
tassium by flame photometry (IL-343); phosphate and total CO2
by continuous flow automatic colorimetry (Autoanalyzer, Tech-
nicon Instruments, Tarrytown, New York, USA); aluminum by
flameless atomic absorption [21].
iPTH radioimmunoassay [22] was performed using synthetic
human 1-34 fragment as standards and for radiolabelling with
1251, The antibody used was an anti-1-34 fragment goat antise-
rum at a final concentration of 1/110,000. This anti-serum gave
strictly superimposable dilution curves with highly purified
porcine PTH and synthetic human 1-34 fragment, indicating
complete immunological cross—reaction. Non-specific binding
was measured on the culture medium used in each experiment.
The range of the standard curve was 150 to 500 pg/ml. Each
specimen was assayed in triplicate at three different dilutions
and all samples from one experiment were analyzed in the same
assay. The intra- and inter-assay coefficients of variation were
less than 2% and 4%, respectively. Preliminary studies showed
that aluminum at concentrations ranging from 20 to 1,000 ng/ml
did not interfere with the iPTH measurement.
Calculations and statistics
Quantification of iPTH-release is probably more accurate
when expressed per number of cells [16], but since the samples
were also used for ultrastructural studies, we were obliged to
work on tissue slices rather than on dispersed cells. The rate of
iPTH-release, as indicated by the hormone concentration in the
incubation medium, depends of the effective number of active
endocrine cells present in the tissue sample. However, this
number is not directly correlated with the tissue weight or the
protein content of the tissue slices, even when the slices are
taken from the same gland [23]. iPTH-release (pg/ml) per hour,
measured for each individual tissue sample and for each hour
has therefore been expressed as a percentage of a reference
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Fig. 1. Effect of medium calcium concentration on hourly iPTH-
release by porcine parathyroid tissue slices. A. Medium ionized calcium
concentration was 0.9 mM in all flasks during the first two hours and
then changed to the calcium concentration indicated (L-Ca, 0.65 mM;
B-Ca:0.9 mM; and H-Ca, 2.1 mM). Each value is expressed as percent
of the second hour (chronological time) iPTH-release for a given flask.
Each point represent the mean SD for the number of experiments
indicated (N). B. The same data as in Figure IA, omitting the first hour
data and adjusting the B-Ca media data for the 3rd, 4th and 5th hours to
100% and normalizing the data for the other media in relation to this
baseline.
iPTH concentration. The selected reference period was the
second hour of incubation in BIM, chosen to allow a steady
state to be attained. To normalize results from experiments
performed in the same medium calcium concentration, but run
on different days, these percent data, refered to as "raw data",
had to be adjusted to account for the drift observed in the
control series. This drift was minimal in the basal calcium
controls (—7%, Fig. 1), but was not negligible in the low calcium
controls (+30%, Fig. 1). These data, normalized to the basal
and to the low calcium controls, respectively, permit only
relative comparisons of the results obtained in the two series of
experiments with regards to medium calcium concentration. To
allow studies equivalent to absolute value comparisons, the
original "raw data" had to be normalized to a single reference
system; that is why low calcium medium data has also been
normalized to the basal calcium controls.
Statistical significance was tested by non-parametric meth-
ods. Individual percent values were compared by the u-test of
Mann—Whitney and paired percent values by the Wilcoxon test.
Means and standard deviations were nevertheless calculated,
presented in Tables 1, 2, 3, and 4 and used to simplify graphic
presentations. Mean values for iPTH release have been plotted
as a function of time and as a function of aluminum concentra-
tions in the medium. Curves were obtained by a curve—fitting
computer procedure [24].
Ultrastructural studies
Six fragments were studied for each type of experiment (that
is, for each series of controls, of studies of the different
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Table 1. Control studies: iPTH-release as a function of time from p-PTG tissues incubated in media with various ionized calcium
concentrations
•
Medium
ionized calcium
concentration
mmole/liter N'1
"Raw" dataa
Chronological timec
Reference B-C&'
Chronological timec
3 hr 4 hr 5 hr 3 hr 4 hr 5 hr
B-Ca: 0.90 18 100 5
90/1 10
97 5
88/105
93 5
85/102
100 100 100
L-Ca : 0.65 15 109 5
100/116
122 8
108/139
129 6
119/141
109 126 139
H-Ca:2.l0 8 67±4
63/77
62±3
54/65
60±3
54/65
67 64 64
a Values are expressed as percentages (mean-SD and range) of the value found at the end of the 2 hr preincubation period, that is 2 hr
chronological timeb Data (means) normalized to the basal calcium reference system
C Three, four and five hour chronological time correspond to one, two and three hour incubation, respectively, in experimental (here low or high
calcium) media following the initial two hour preincubation in the basal incubation medium
d N is number of experiments
aluminum concentrations in both basal and low calcium envi-
ronments). Incubates saved for electron microscopy were proc-
essed immediately after incubation. Parathyroid tissue frag-
ments were transfered from incubation media to a 0.1 M
cacodylate buffer until fixation, which was performed within 30
minutes after the end of the last incubation period. Tissue
fragments were cut into 0.5 to 1 mm thick sections and the
peripheral zone discarded. Fixation was carried out for three
hours in a solution containing 2.5% glutaraldehyde, 6 M para-
formaldehyde (Merck) in 0.1 M cacodylate buffer prepared with
calcium—free distilled water [19]. The samples were then rinsed
in deionized water, dehydrated in a graded series of ethanol
concentrations and embedded in Epon 812. Ultrathin sections
(600-800 A) were obtained with an Ultratome III microtome
(L.K.B.) using a diamond knife (Diatome), floated on 0.2 M
Tris—maleate buffer, mounted on copper grids and stained by a
two step procedure in 2.6% lead citrate (Merck) and in 2%
uranyl acetate (Merck) [20]. Sections were then carbon coated
and examined under an electron microscope (Elmiscope 101,
Siemens Messetechnik).
The elemental composition of electron—dense deposits was
determined by x-ray microanalysis on unstained carbon—coated
600 A sections mounted on titanium grids using a Cameca
MB-X microprobe (accelerating voltage, 45 Ky; beam current
intensity, 150 nA; incident electron beam diameter, 0.5 gm).
The Ka lines of phosphorus, calcium and aluminum were
chosen for identification.
Most ultrastructural studies are qualitative and descriptive.
In some experiments, to study the distribution of different cell
types a semi-quantitative evaluation was done at a x4500
magnification on the following material: ten grids were prepared
from a same fragment, each grid holding five sections. Cells
were counted in 50 fields on each section.
Parathyroid cell ultrastructure
Four categories of cells were defined according to previously
described, ultrastructural aspects of the parathyroid cells [25,
26]: cells with normal activity, quiescent cells, hyperactive
cells, altered and destroyed cells.
Cells with normal activity. They are polygonal or elongated
cells, up to 20 tm in length, frequently arranged in clusters with
straight cell membranes and few intercellular microvillous
interdigitations. The rough endoplasmic reticulum is usually
dispersed throughout the cytoplasm, free ribosomes or polyri-
bosomes are infrequent. The mitochondria appear to be devoid
of electron dense material and glycogen particles are uniformly
distributed through the cell. Secretory granules are scarce and
generally near to or lying along the cell membrane.
Quiescent chief—cells. These also have straight membranes
but are devoid of microvillous interdigitation. The Golgi appa-
ratus is small with only a few vesicles and vacuoles. The cells
contain abundant lipid bodies, some lysosomes and very few
storage or secretory granules.
Hyperactive cells. They possess highly tortuous membranes,
numerous intercellular microvillous interdigitations and well—
preserved subcellular organelles. Numerous dense secretory
granules (Type I), with poorly—defined limiting membranes are
found near or along the cell membrane and interdigitating
processes.
Table 2. Aluminum studies in basal calcium mediuma
Medium
aluminum
concentration ___________
ng/ml NC 3 hr
20 2 102
10 1—103
25 8 103±9
87/112
30 4 92±16
75/114
40 2 88
73—103
50 14 88±6
78/100
200 2 83
82—84
250 10 80±7
72/88
500 12 75±3
70/79
Chronological time'
4 hr
103
103—108
106 10
92/1 19
97 11
88/113
87.5
80—95
82.5 4
77/88
73.5
72—75
76 10
55/86
66.5 4
60/72
5 hr
107.5
105—110
103 5
98/111
96 4
93/101
91
89/93
81 4
70/84
69
67—71
68 10
49/81
66 5
56/73
a Data (percentages : mean—SD and range) normalized to the basal
calcium reference system
' Three, four and five hour chronological time correspond respective-
ly to one, two, and three hour incubation in experimental (aluminum
added) media
N number of experiments
18 Bourdeau et a!
Table 3. Aluminum stud ies in low calcium medium
Medium
aluminum
concentration
ng/ml N"
Reference LCaa
Chronological timec
Reference BCab
Chronological timec
3 hr 4 hr 5 hr 3 hr 4 hr 5 hr
25 4 96 2.5
93/99
91 1.5
89/92
90.5 3.5
86/94
105 3
101/108
114 1.5
112/115
126 5
119/130
50 4 88±8
82/100
85±15
76/107
82±2
80/85
96±9
89/109
107±18
101/135
115±3
111/118.5
125 4 78±6
70/81
76±8
67/84
69±5
64/75
85±6
76/88
96±10
84.5/100
96±7
89/104
250 4 76 13
62/90
71 13
58/89
67 8
59/75.5
83 14
69/98
89 17
73/112
94 11
79/105
500 4 72.5±12
58/87
64±8
54/74
62±5.5
55/68
79±13
63/95
81±10
68/93
87±8
76/95
a Data (percentages : mean-so and range) normalized to the low calcium reference system (Fig. 2B)b Data (percentages : mean-SD and range) normalized to the basal calcium reference system (Fig. 2C)
C Three, four and five hour chronological time correspond respectively to one, two and three hour incubation in experimental (aluminum added)
mediadN number of experiments
Table 4. Recovery of the iPTH-release capacity at the sixth hour
.Medium
aluminum
ng/ml
3rd to 5th hr
iPTH
5th hr
iPTHreleasea
Medium Calcium Concentration
B-Ca L-Ca
N = 3" N 4b
25
50
250
500
Controls
102
80
68
65
93
100 5.5 105 8.5
90±2.5 84±10
88±11.5 90±8
88 6 86 11.5
91 —
a Values (percentages : mean-SD) have been normalized to the basal
calcium reference system
bNnumber of experiments for each aluminum concentration
Altered or destroyed cells. These have a reduced volume, and
highly condensed chromatin with partially disintegrated nuclear
membranes. Organelles, with the exception of a few mitochon-
dna, are difficult to identify. The cell membranes are disrupted
and altered, secretory granules are small and some of them have
dense cores which are separated from their limiting membranes
by a halo (Type II). These granules are seen in the cytoplasm
and lying just outside the cells themselves.
Results
Control studies
Results obtained from the control studies are summarized in
Figure 1 and Table 1. They are similar to those of previously
reported in in vitro studies [27, 28]. While mean values of
iPTH-release from slices incubated in B.I.M. (N = 18) did not
change significantly, low calcium medium (N = 15) stimulated
1PTH-release up to 130% (P < 0.01) at the fifth hour. On the
contrary, high calcium medium (N = 8) produced a significant
(P < 0.01) decrease in IPTH-release, reaching 60% at the fifth
hour.
iPTH-release and time
Results of iPTH-release as a function of time are represented
in Figure 2. Basal calcium medium data (Fig. 2A and Table 2)
show that concentrations of aluminum above 50 ng/ml resulted
in a reduction in 1PTH-release. A maximum decrease of 65% at
hour five was produced at 500 ng/ml of aluminum. Results of
iPTH-release in low calcium medium are represented similarly
in Figures 2B and 2C and reported in Table 3. The reduction,
when expressed as a percentage of the low calcium rate, is
similar to that seen in basal calcium medium (Fig. 2A and 2B).
A different relationship is obtained when low calcium data are
refered to basal calcium iPTH-release (Fig. 2A and 2C). The
iPTH-release in high—calcium medium has been included in
Figure 2C to facilitate comparison.
iPTH-release and aluminum concentration
Results of iPTH-release as a function of aluminum concen-
tration are reported in Figure 3. To simplify the graph, only fifth
hour data have been plotted. In this representation the leveling
off of the effect of increasing concentrations of aluminum is
particularly evident. All iPTFI-release decrease curves as a
function of aluminum concentration in the medium fit an
exponential curve with a non-null limit according to the general
formula:
Y = Ae_' + Yiim.
where Y is the amount of iPTH released expressed as a
percentage and C is the aluminum concentration in the medium.
There is excellent agreement between the experimental values
and the theoretical calculated values, permitting the use of the
latter for statistical analysis. Results of iPTH-release in low
calcium media normalized to the low calcium medium controls
(curve 3B) are superimposable in part on the basal calcium
medium data (curve 3A). Below 50 ng/ml of aluminum, the two
curves separate clearly, the low calcium data being systemati-
cally below the basal calcium data. The difference between the
two curves on this portion is statistically significant (P < 0.05)
as based on a Wilcoxon test performed on paired theoretical
values for five values between 20 and 50 ng/ml, since only one
value (based on four experiments) was available in low calcium
environment. After this initial decrease, both curves level off at
the same aluminum concentration (around 100 ng/ml) reaching a
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same level (around 65%). Results of iPTH-release :n low
calcium media, normalized to the basal calcium controls (curve
3C) are different from those obtained in basal calcium media
over the whole range of aluminum concentrations. The repre-
sented standard deviations do not overlap and values f r two
calcium concentrations at a same added aluminum concentra-
tion are statistically different (P < 0.01).
Effect of aluminum "removal" on iPTH-release by parathy-
roid gland slices. When tissue samples in basal calcium—high
aluminum media were switched for one hour to basal
calcium—aluminum free or to low calcium—aluminum free me-
dia, recovery of iPTH-release capacity to control levels was
observed in all experimental conditions (Table 4).
Comparison between ultrastructural appearances and iPTH-
release. iPTH-release results must be expressed in . form
which permits valid comparisons between basal and low cal-
cium experiments to allow comparison between ultrastructural
aspects and iPTH secretion. Thus, all iPTH-release esults
considered in this paragraph are those normalized to the basal
calcium medium reference system.
Basal calcium medium control studies. The chief cells md an
appearance corresponding to the above described "normal cell
activity" both before and after five hour incubation (Fit;. 4A).
Secretory granules, although present, were not numerous. This
type of appearance was observed in all experimental situations
yielding iPTH-release values between 90 and 110%.
Low calcium medium control studies. Cells were clearly
hyperactive with increased mitochondria, an abundant endo-
plasmic reticulum, multiplication of interdigitations and rumer-
ous secretory granules. Corresponding iPTH-release values
reached 130 to 140%.
Cells incubated in high aluminum (500 ng/ml)—low calcium
media. These cells appeared altered, with severe nuclear and
cytoplasmic lesions. Their appearance was comparable to those
seen in high calcium controls. There was no aluminum detect-
able by x-ray—microanalysis in these cells.
Cells from tissue incubated in high aluminum—basal calcium.
These also appeared altered, but the nuclear apparatus and the
cytoplasmic organdIes seemed to be less damaged. The most
striking feature of these cells was that they were packed with
secretory granules (Fig. 4B) while the above described high
aluminum—low calcium cells appeared clear and "empty".
Some quiescent cells were observed in both types of high
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Fig. 2. Effect of aluminum on hourly
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Fig. 4 A. Parathyroid tissue after a 5 hour incubation in BIM (basal calcium medium). Normal chief cell. Organelles involved in synthesis are
sparse. Cytoplasmic membranes (Cm) are straight, secretory granules (Sg) are not numerous. B. Parathyroid tissue incubated for 3 hours in high
aluminum (500 ng/ml)—basal calcium medium. Altered chief cell. Cell and nuclear membrane are not distinguishable. Secretory granules (Sg) are
numerous and separated from their limiting membrane by a halo (arrow, inset).
aluminum—incubated tissues. They were more numerous in
basal calcium than in low calcium—incubated tissues. In these
cells organelles involved in hormone synthesis were not numer-
ous, the cytoplasmic membrane was straight and secretory
granules were not numerous or were absent; the nuclear appa-
ratus was not damaged.
Cells exposed to intermediate levels of aluminum show
progressive changes between the two extreme pictures de-
scribed.
In the "reversibility" experiments, the transfer of tissues
samples from basal calcium—high aluminum medium to a basal
calcium—aluminum free medium revealed a heterogeneity of
chief cells. Two types of cells appeared to coexist: a group of
clearly well preserved cells corresponding to the above—
described "normal cell activity", and altered cells with severe
nuclear and cytoplasmic lesions. When tissues samples were
switched from basal calcium—high aluminum medium to a low
calcium—aluminum free medium this potential heterogeneity of
chief cells was even more apparent. Hyperactive cells with
swarming interdigitations and an overall electron dense cyto-
plasm, loaded with peripheral secretory granules (Fig. 5) coex-
isted with altered cells containing few secretory granules (Type
II). A peculiar feature was observed exclusively in these latter
cells, where there are often mitochondria loaded with electron
dense granules. These granules contained phosphate, calcium
and aluminum as observed by x-ray microanalysis (Fig. 6).
A semi-quantitative study was performed on three types of
experiments (basal calcium controls, basal calcium—high alumi-
num tissue samples and fragments incubated in the "reversibil-
ity" conditions). These results are summarized in Table 5.
Tentative semi-quantitative studies have also been done on
low calcium controls, and low calcium—high aluminum—incu-
bated tissues. Due to the importance of cell destruction, it was
impossible to assess precise numbers to the percentage of the
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Fig. 5. Reversibility' experiments:
hyperactive cell. Parathyroid tissue incubated
for 3 hours in high aluminum (500 ng/ml)—
basal calcium medium and then switched for
an extra hour in an aluminum free—low
calcium medium. Interdigitations (idg) and
secretory granules (Sg) are numerous, mainly
situated in the periphery of the cell or along
plasmalemmal interdigitations (arrow, inset).
Table 5. Distnbution of different parathyroid cell types
Type of experiment
.Time
h Nb
Cell percentages
destroyed quiescent "normal" hyperactive
B-Ca controls 5 6 0 21.8% 78.2% 0
B-Ca H-Al (500 ng/ml) 5 6 80.5% 19.5% 0 0
Reversibility
B-Ca H-Al L-Ca Al-free 6 6 64.7% 0 0 35.3%
Chronological time 5 hour represents 3 hours of incubation
b Number of fragments studied
different parathyroid cell types. Nevertheless it can be stated gland slices is dose dependent and that this result is confirmed
that tissue destruction reached more than 90% of the cells. by the close parallel between the biochemical activity (as
evaluated by iPTH-release in the medium) and ultrastructural
Discussion appearance. The inhibiting effect of aluminum was obtained for
This study shows that the inhibiting effect of aluminum added a range of concentrations comparable to those reported in
to culture media on the iPTH-release by porcine parathyroid clinical cases [6, 9]. Morrissey et al [16] reported that inhibition
—____
k:
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was obtained only with pharmacological concentrations in the
millimolar range, that is about one hundred times higher than
those used in this study. We were unable to duplicate their
results because aluminum concentrations above 20 pM (500
ng/ml) caused precipitation in our "culture" system, and alu-
minum concentrations in the supernatant after centrifugation
were found to be quite different from the expected values [181.
The inhibitory effect of aluminum on iPTH-release is partial
and it is evident from the iPTH-release versus medium alumi-
num concentration curves (Fig, 3) that maximal inhibition is
achieved for aluminum concentrations at levels well below 500
nglml. The limited effect of increasing aluminum concentrations
can be interpreted as the existence of an aluminum insensitive
iPTH-secretion. This could appear somewhat similar to the
iPTH secretion inhibiting effect of elevated extra—cellular cal-
cium [29]. In our conditions, high concentrations of extra—cel-
lular calcium yielded an iPTH-release inhibition roughly equiv-
alent to the maximal inhibition produced by aluminum (Fig. 2c).
Recovery of an iPTH-release capacity when incubates were
switched to an aluminum free medium after exposure to the
Fig. 6. 'Reversibility" experiment: altered
cell, Parathyroid tissue incubated for 3 hours
in high aluminum (500 nglml)—basal calcium
medium and then switched for an extra hour
in an aluminum free—low calcium medium.
Cytoplasmic membranes are disrupted (Dm),
secretory granules (Sg) are numerous and
mitochondria contain electron dense deposits
(left inset) in which phosphorus (P), calcium
(Ca) and aluminum (Al) are detected by x-ray
microanalysis (right inset).
toxic was interpreted by Morrissey et al [16] as a reversibility of
the aluminum toxic effect. Our data could suggest a different
explanation. Our main observation is based on the contrast
between the degree of cell alteration occuring in high aluminum
media and the "reversibility" of 1PTH-release in the medium
when pPTG slices were switched to aluminum—free media. It
seems unlikely that the alterations observed in high aluminum
media in a great number of individual cells could be reversible.
A possible alternative could be that the restoration of 1PTH-
release in the medium after the fifth hour is due to cells which
have not been altered by aluminum during the earlier three hour
period of incubation. This supposes heterogeneous behavior of
individual pPTG cells to aluminum toxicity, that is, there must
be a poo1 of aluminum "insensitive" or "less sensitive" cells.
This hypothesis is supported by some of our biochemical and
ultrastructural findings. The existence of a monoexponential
decrease in iPTH-release with increasing concentration of alu-
minum with a limit, suggests that aluminum affects only a
fraction of the 1PTH-release capacity of the parathyroid tissue
with the persistence of an aluminum insensitive secretion. In
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pPTG sections incubated in high aluminum medium, irrevers-
ibly destroyed cells can be clearly differentiated from cells
presenting no alterations and appearing to be in a quiescent
phase. In addition, when the pPTG slices were switched to
aluminum—free media, hyperactive cells were found to coexist
with irreversibly destroyed cells which evidently did not re-
cover from the aluminum intoxication (Figs, 5 and 6).
These differences in sensitivity to aluminum may be a func-
tion of the cell population itself. It is known that parathyroid
cells go through a spontaneous cycle from a resting state to a
secreting state, with several intermediate phases [25, 26].
Resting cells might be insensitive to aluminum or resistant to
aluminum entry into the cell.
It has been well documented that changes in extra—cellular
calcium concentrations can stimulate or suppress overall chief
cell activity [30]. This modulation of iPTH-release by extra—cel-
lular calcium is still possible in the presence of aluminum as
shown by the comparison of curves 3A and 3C. For a given
aluminum concentration, there is more iPTH released (in abso-
lute terms) into the medium in low—calcium experiments than in
the basal calcium experiments when data are normalized to a
same reference. This agrees with the observed difference in a
granule density in cells incubated in low calcium—high alumi-
num medium ("empty" cells) as opposed to those maintained in
normal calcium—high aluminum environment.
It is also possible that extra—cellular calcium concentration
might play a role in the aluminum sensitivity process itself by
interfering with the spontaneous cyclic changes in parathyroid
cells. However there is little information on the effect of
extra-cellular calcium concentration on parathyroid cell heter-
ogeneity. Preliminary results on pPTG cell activities studied by
a different approach have also shown the existence of a cell
heterogeneity which was more marked during low extracellular
calcium stimulation [311. Some of our biochemical and ultra-
structural observations suggest that "sensitivity" to aluminum
would occur predominantly in cells in an activated phase, and
stimulation by low extracellular calcium would potentiate this
effect. In the lower aluminum range (up to 50 ng/ml) there is
always relatively more iPTH released as compared to the
respective control in basal calcium medium than in low calcium
medium (curves 3A and 3B), while toxic effects level off above
50 nglml and are similar in both experimental situations. Cell
destruction was more evident in sections from slices treated
with low calcium—high aluminum media. Altered cells contain-
ing mitochondria loaded with phosphate-calcium—aluminum
granules were mainly found in low calcium—high aluminum
treated slices switched to low calcium—aluminum free medium.
These results suggest the following main conclusion: the
effect of aluminum on pPTG cells is dose dependent with an
inhibition at levels corresponding to concentrations reported in
the plasma of aluminum intoxicated hemodialized patients. This
inhibition is partial and there is an aluminum insensitive iPTH-
release capacity.
Furthermore this work suggests the following hypotheses:
(1.) The phenomenon described could be the result of the
heterogeneous behavior of parathyroid cells to aluminum tox-
icity, probably linked to spontaneous asynchronous cyclic
changes in the parathyroid cells. (2.) Extra-cellular calcium
concentration could influence the process in two ways: (a)
modulation of iPTH-release by extra—cellular calcium varia-
tions could still be possible even in the presence of toxic levels
of aluminum; and (b) cells exposed to low calcium environment
could be sensitized to aluminum intoxication. (3.) In view of the
severity of the cell lesions observed in high concentrations of
aluminum, the recovery of an iPTH-release capacity when the
gland tissues were withdrawn from the toxic environment and
switched to aluminum—free media could more likely be due to
an activation of the "less sensitive" to aluminum cell pool (cells
which were in a resting phase while exposed to aluminum)
rather than to a true reversibility of the toxic effect.
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